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air pollutant, and its size, shape, and composition are closely related to animal health. PM with different particle sizes have different retention characteristics, which directly lead to their different effects on health [4] . For instance, 10-100 μm PM are blocked outside the nasal cavity and have little impact on humans and animals. The nasopharynx partially traps 2.5-10 μm PM (PM 10 ), but some can enter the respiratory tract through the nasal cavity and throat and accumulate in the respiratory system to cause many diseases [5, 6] . PM less than 0.25 μm in diameter (PM 2.5 ) can enter the deep part of the respiratory tract and mainly deposit in the bronchi and lungs; in particular, PM approximately 0.1 μm in size can deposit in the lungs and even enter the bloodstream by passing through alveoli and thus pose the most harm to human and animal health [7, 8] .
Deterioration of air quality, especially microbial pollution in the ambient air, not only seriously affects the health and production performance of livestock and poultry but also causes the occurrence and increases the prevalence of airborne infectious diseases. Microbial aerosols in livestock and poultry house environments have diverse, high-content, and difficultto-control characteristics; the composition of a microbial aerosol is very complex and mainly includes non-pathogenic, pathogenic, and opportunistic bacteria, fungi, and viruses [1, 9] . High concentrations of non-pathogenic microorganisms can cause an overload and reduction of the body's immune system and thus make livestock more susceptible to infections [10] . Opportunistic pathogenic microorganisms do not cause disease incidence in the body under normal conditions, but the immunity of livestock and poultry declines when the environmental conditions of livestock and poultry houses change, and opportunistic pathogenic microorganisms can multiply and generate impacts on human, livestock, and poultry health [11] . Very small amounts of pathogenic microorganisms in the air can directly cause respiratory infections, especially lower respiratory tract infections, in livestock and poultry. These infections render relevant clinical symptoms in livestock and poultry, affect their normal life and health, and lead to declines in production performance [12] . Because pathogens with airborne infectivity have the highest efficacy, poultry subjected to attacks of pathogenic microorganisms most often experience respiratory diseases (i.e., pneumonia, tracheitis, and bronchitis) and systemic organ complications in the genitourinary and digestive tracts, which affect the normal physiology and health of poultry and cause serious losses to poultry production [9, 13, 14] .
In summer, with high temperatures and humidity, mosquitoes and fly maggots abundantly breed, which provides conditions for the growth of various microorganisms. Summer is a season with a high incidence of various infectious diseases in poultry [15] . At present, the hazard of PM in the farming environment to humans and animals has been mainly studied from a macro perspective, and few studies have investigated the bacterial community composition in PM 2.5 and PM 10 within broiler houses at various stages. In this study, 16S rDNA high-throughput sequencing technology was used to detect changes in the composition and abundance of airborne bacterial communities in PM within enclosed broiler houses during the entire broiler growth cycle in the summer [16, 17] . This study aims to elucidate the change patterns of within-house bacterial aerosols with the growth of broilers, which has great importance for guiding improvement of health management and controlling airborne infectious diseases.
MATERIALS AND METHODS

Ethics Approval
The research protocol was reviewed and approved by the Animal Care and Use Committee (ACUC) of the School of Life Sciences, Ludong University (SKY-ACUC-2017-02).
Broiler House Description
The study was conducted in Muping District, Yantai, Shandong Province, China, from July to August 2017. • 23 75.97E ) were selected. For all 3 broiler houses, the fully enclosed 3-overlap caged rearing mode was adopted. Each broiler house was 82.0 m in length and 10.5 m in width with a lower floor height of 3.5 m. The broiler houses had windows and a natural light cycle, and the equipment in each broiler house included machines for tunnel ventilation systems, automatic faeces transfer, material pipeline, water pipeline, water curtains, and fog pipeline. The reared variety was Arbor Acres (AA) broiler chickens, and the rearing scale ranged from 18,800 to 19,200. The population density of broilers in each house was 21.8-22.3 birds/m 2 . The feedstuff for the 3 broiler houses was uniformly provided by a breeding/farming enterprise, which also provided rearing guidance. The broiler houses were thoroughly cleaned and disinfected before sampling. Because the broiler houses were set up under the same conditions, the compositions of environmental microbes were similar. We chose the 3 broiler houses on the basis of statistical analysis and analysed the changes in the microbial structures in different growth phases of the broilers.
Sample Collection
A ZR-3920-type air particulate composite sampler [18] was used to collect PM 2.5 and PM 10 samples using waterproof glass filtration membranes [19] . Prior to sampling, the filtration membrane was oven-baked and placed in an environment with a constant temperature and humidity for 48 h. The filtration membranes were weighed 5 times using a micro-balance, and the average value was taken as the weight for the blank control filtration membrane (W 0 ). After sampling, the filtration membrane was weighed in the same manner to obtain the average weight (W 1 ). The average mass concentration for a PM 2.5 or PM 10 sample [C (μg/m
3 )] is C = (W 1 -W 0 )/(t × F), where t is the sampling time and F is the collection flow rate. The sampler was installed at a distance 1.5 m above the ground; the collection flow rate was 100 L r min −1 , and the sampling time per sample was 48 h [20] .
Sampling was conducted at day 6 (early stage), day 21 (middle stage), and day 37 (late stage) of the broiler growth cycle; within the broiler houses, the PM 2.5 samples were collected and labeled SEAA (early stage), SMIA (middle stage), and SLAA (late stage), respectively, and the PM 10 samples were collected and labeled SEAB (early stage), SMIB (middle stage), and SLAB (late stage), respectively. The withinhouse wind speed and humidity were 0.19-0.21 m/s and 65%, respectively, during sampling in the early stage; 0.49-0.52 m/s and 60% during sampling in the middle stage; and 1.08-1.10 m/s and 55% during the last sampling. In addition, the health status of the broiler chickens at the different broiler growth stages was recorded. Most of the broiler chickens were good healthy in the early growth stage; a small number of broiler chickens showed signs of respiratory disease in the middle growth stage; in the late stage, the number of broilers with signs of respiratory disease increased, and some diseased chickens died.
DNA Extraction and High-Throughput Sequencing
Genomic DNA was extracted from each filtration membrane using the cetyltrimethylammonium bromide (CTAB) method and labeled [21] . The DNA purity and concentration were verified by agarose gel electrophoresis. An appropriate amount of sample DNA was placed in a centrifuge tube, and the sample was diluted with sterile water to 1 ng/μl. Using diluted genomic DNA as the template, the DNA was amplified using barcode-carrying specific primers. The primers for the 16S V4-V5 region were 515F (5 -GTGCCAGCMGCCGCGGTAA-3 ) and 907R (5 -CCGTCAATTCCTTTGAGTTT-3 ) [22] . The Phusion R High-Fidelity Polymerase Chain Reaction (PCR) Master Mix with GC Buffer [23] was used as the PCR buffer; highefficiency and high-fidelity enzymes were used in the PCR to ensure the amplification efficiency and accuracy. The reactions were performed as follows: 98
• C for 1 min (1 cycle), 98
• C for 10 s/50
• C for 30 s/72
• C for 30 s (30 cycles), and a final step of 72
• C for 5 min. The PCR products were detected by electrophoresis using a 2% agarose gel. Equal-amount sample mixing was conducted for various PCR products according to their concentrations; after fully mixing, the mixed PCR product was detected by 2% agarose gel electrophoresis. The target band was recovered using a Qiagen gel recovery kit and subjected to sequencing.
The library was constructed using the TruSeq R DNA PCR-Free Sample Preparation Kit. The constructed library was quantified by Qubit and Q-PCR. After the library was ensured to be satisfactory, the samples were sequenced using a HiSeq 2500 PE250 system in both directions. Beijing Novogene Technology Co. Ltd. assisted with library construction and sequencing.
Data Analysis
The sequencing data were subjected to quality control, splicing, and filtration to obtain highquality tag data (clean tags) [24] . The clean tags were aligned with the UCHIME algorithm against the Gold database to detect chimeric sequences [25] . Then, the chimeric sequences were removed from the clean tags to obtain final effective tags. Uparse software was used to cluster all effective tags in all samples, with 97% identity taken as the default to cluster operational taxonomic units (OTUs). The sequence with the highest frequency in a given OTU was selected as the representative sequence for that OTU [26] . The species annotation analyses for representative OTU sequences were performed using the mothur method and the SILVA (http:// www.arb-silva.de/) SSU rRNA database to obtain information for various taxonomic levels (kingdom, phylum, class, order, family, genus, and species); then, statistical analysis of the community composition of each sample was performed [27, 28] . The alpha and beta diversity indices were calculated using R in the QIIME software package (version 1.7.0), and a differential analysis was performed. All raw sequences have been deposited in GenBank under accession number PRJAN498557.
Statistical Analysis
Differences in the average PM concentrations among various groups were compared using GraphPad Prism 5 [29] . Values were compared between two groups using Student's t-test. A difference with P < 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Changes in the PM 2.5 and PM 10 
Concentrations
According to the calculations, the average mass PM 2.5 and PM 10 sample concentrations in each group are shown in Figure 1 . Both the PM 2.5 and PM 10 sample concentrations within the broiler houses gradually increased with the growth of the broilers, with the PM concentrations in the middle and late stages significantly increased compared with those in the early stage (P < 0.01).
Basic Statistical Analysis of the 16S rDNA Gene Sequences
We obtained a total of 1104,249 effective tags, with an average of 61,347 tags per sample (the maximum was 74,629 and the minimum was 53,612) and an average length of 373 bp per effective tag. In this experiment, a total of 13,176 OTUs (an average of 732 OTUs per sample) were defined and 514 bacteria genera were detected. The dilution curves of all samples were almost saturated, indicating that the 16S rDNA gene sequence database was very rich and that the sequencing number covered most of the bacteria in the samples; moreover, the curves fully demonstrated the bacterial diversity in each sample, ensuring the reliability of the subsequent analyses.
Diversity of Bacterial Communities
Alpha diversity is used to analyse the withincommunity diversity of microbial communities and mainly includes the Chao1 (estimated OTUs) and Shannon (diversity) indices; these measures reflect the within-community richness and diversity of microbial communities [30] . The alpha diversity results are shown in Figure 2 . In the PM samples from broiler houses during the entire broiler rearing cycle in summer, the Chao1 index (Figure 2a ) of the PM 2.5 samples in the late stage (SLAA) and the PM 10 samples in the late stage (SLAB) ranked highest, indicating that the bacterial species detected in the PM samples in the late stage were the most abundant and were significantly higher than those detected in the early stage (P < 0.05). In addition, the bacterial species carried in the PM 2.5 samples during the same period were larger than those carried in the PM 10 samples during this period (P < 0.05). Figure 2b shows no significant difference in the Shannon diversity indices between bacterial communities in PM 2.5 and PM 10 during each of the various stages (P > 0.05).
In the beta diversity analysis, principal coordinate analysis (PCoA) extracts the most important elements and structures from multidimensional data through a series of eigenvalues and eigenvector ordination. When these results were combined with the multiple response permutation procedure (MRPP) test (to analyse whether the differences in the microbial community structure were significant between groups), we found that the bacterial community structure of each group had adequate differences and that the differences between groups were greater than the differences within groups, although the differences were not significant (P > 0.05).
Bacterial Community Composition of PM 2.5
At the phylum level, the bacterial phyla Firmicutes and Proteobacteria were detected with the highest contents within the broiler houses at the various stages from the PM 2.5 samples. Figure 3 shows the top 10 species in the samples at the genera level. To facilitate identification of bacteria that were enriched or had low contents in each group, the genera that ranked in the top 35 in abundance were selected according to the species annotation and abundance information at the genus level for all samples. Based on the abundance information in each sample, clustering was performed at both the species and sample layers to generate a heat map (Figure 4a) .
The results showed that the main bacterial genera in the PM 2.5 samples were Faecalibacterium (11.38%), Lactobacillus (10.87%), Subdoligranulum (10.13%), Lachnoclostridium (7.73%), Bifidobacterium (4.42%), Ruminiclostridium (4.05%), and Enterococcus (2.33%) in the early broiler growth stage (SEAA), Faecalibacterium (55.57%), Lactobacillus (20.9%), Bacteroides (5.44%), Subdoligranulum (3.82%), Lachnoclostridium (3.55%), Ruminiclostridium (2.99%), and Ruminococcaceae (1.82%) in the middle broiler growth stage (SMIA), and Elizabethkingia (14.42%), Lactobacillus (12.71%), Klebsiella (7.81%), Faecalibacterium (6.45%), Sporolactobacillus (2.75%), Bacillus (1.52%), Delftia (1.52%), and Subdoligranulum (1.17%) in the late broiler growth stage (SLAA).
Bacterial Community Composition of PM 10
The bacterial phyla Firmicutes and Proteobacteria were detected with the highest contents within the broiler house at all stages for the PM 10 samples, which was consistent with the PM 2.5 results. Based on combination of the results presented in Figures 3 and 4b, 
Discussion
With the development of intensive and largescale livestock production and the accumulation of farming experience, researchers have become increasingly aware of the important role of microbial aerosols in the spread of epidemics, particularly respiratory diseases caused by pathogenic microbes [9, 14] . Most major infectious diseases in livestock and poultry are transmitted through air, which causes great harm and losses to the livestock industry and even threatens human health; these issues also hinder the improvement and development of animal husbandry production efficiency. In the 1970 s, researchers began to study the fugitive release of bioaerosols during the livestock and poultry farming processes [31, 32] . A large number of studies have shown that the community structure of microbial aerosols is affected by many factors, including the livestock and poultry species, farming methods, farming seasons, and stages [33, 34] . In the summer in northern China, the hot weather renders high temperatures and humidity, especially for enclosed broiler houses, which particularly suits the growth and reproduction of microorganisms. Hence, a systematic study of the within-house PM 2.5 and PM 10 concentrations and the bacterial community compositions during the entire rearing cycle in summer has important guiding significance for the prevention and control of summer diseases.
Some investigations have indicated that the most important sources of PM and atmospheric microbes in poultry houses are the animals, their excrement, including skin, hair, and feathers, feed, manure, bedding material, rearing density, and animal activity [35, 36] . Our study showed that the PM 2.5 and PM 10 concentrations within the broiler houses increased as the broilers aged, in accordance with other reported values [36, 37] . This increase may have occurred because the broiler houses are usually subjected to thorough cleaning, disinfection, and ventilation treatment during the empty house period before young broilers are placed in them for rearing. During the early rearing period, the rearing density is relatively low, and thus, the PM concentration is also relatively low at this time. However, as the broiler ages increase, the rearing density and the broiler activity increase, and the feathers and skin that fall off from broilers, litter, dust, and faeces in the broiler house increase dramatically, which result in higher PM 2.5 and PM 10 concentrations within the broiler house. Levels of PM 2.5 and PM 10 also can be affected by many environmental factors, such as air temperature, relative humidity, and ventilation rates [35, 38] . Several approaches can be used to reduce PM 2.5 and PM 10 in an animal house, such as increasing the ventilation and relative humidity, regulating the temperature, and employing a filtering system and/or ionization [39] . Furthermore, the effect of PM on animal health is related not only to the concentrations of PM but also to the components of the PM in livestock and poultry houses. Airborne PM in broiler houses contains a large number of biological components, such as bacteria, fungi, and viruses, and has strong biological effects [1, 9] . Therefore, PM 2.5 and PM 10 in broiler houses have a greater impact on broiler health than other forms of PM at the same concentrations.
Currently, 16S rDNA high-throughput sequencing technology is the most commonly used analytical method for studies of structural diversity of environmental microbes. Compared with traditional culture methods, this method can detect species that are difficult to culture and are present with a low abundance and those that are difficult to obtain from samples (i.e., microbes that have survived or are difficult to separate); thus, this method can more comprehensively reflect the microbial diversity in aerosols within livestock/poultry houses [16, 17] . This study sequenced all bacterial 16S rDNA (V4-V5) regions for the collected PM samples and identified a total of 36 phyla, 79 classes, 132 orders, 240 families, and 514 genera, indicating that the microbes carried by the within-house PM 2.5 and PM 10 samples had rich diversity. At the phylum level, the airborne bacteria in PM 2.5 and PM 10 in the various stages within the broiler houses were mainly Firmicutes and Proteobacteria, which was consistent with the results obtained from a broiler house in the reported in the literature [33] . Comparative analysis of the microbial communities showed that the respiratory metabolites increased with the growth of the broilers, especially at the late growth stage in which the bacterial species carried by the withinhouse PM were highest. Just et al., Seedorf et al., and Oppliger et al. found that the number and species of bacteria increased in poultry houses as the birds aged, in good agreement with the present results [34, 40, 41] . At the genus level, some differences existed in the diversity and community structure of the bacterial communities in the different growth stages, although the differences were not significant. This result indicated that the bacterial community structures carried by the PMs within the houses changed with the growth of the boilers compared to the original structure, although the change was not significant. Although some differences in abundance were observed for the same bacterial genera, the majority of the bacterial communities carried by the PM were the same across the different growth stages. This change may be related to the growth and metabolism of broilers. Some recent reports have demonstrated that many microbes are involved in the biological processes of animals, included metabolism, digestion, and absorption [42] . For example, Lactobacillus spp. and Faecalibacterium spp. are involved in multiple physiological activities and play important roles in the health and production performance of chickens [43, 44] . In the present study, the abundances of Lactobacillus and Faecalibacterium in the PM were high during the middle growth stage of the broilers, possibly due to the relatively fast growth rate of the broilers in this stage.
In this study, 491 bacterial genera were detected in PM 2.5 and 384 genera were detected in PM 10 . PM 2.5 at a given stage carried more bacteria than PM 10 at the same corresponding stage, indicating that PM 2.5 within broiler houses might cause more serious harm to the growth and health of broilers. In different broiler growth stages, Klebsiella, Elizabethkingia, Bacteroides, Enterococcus, Escherichia-Shigella, and other genera were detected in both the PM 2.5 and PM 10 samples within the broiler houses. Certain specific conditional pathogenic strains may be included in these bacterial genera. For example, Klebsiella pneumoniae is an important respiratory pathogen that causes high mortality in broilers. Hamza et al. isolated K. pneumoniae from broilers with signs of respiratory disease at a prevalence of 35% [45] . In the present study, Klebsiella were detected in all PM samples and had a relative abundance as high as 7.8% in PM 2.5 during the late growth stage. Some Elizabethkingia strains can cause serious infections and even death in humans [46] . The relative abundance of Elizabethkingia was 14.4% in PM 2.5 during the late growth stage in our study; long-term exposure to this environment would affect human health. Some Bacteroides strains, such as B. fragilis, can cause endogenous infections in broilers [47] . Our data revealed that during the growth cycle of the broilers, the abundance levels of Bacteroides in PM 2.5 and PM 10 (5.44% and 4.94%) were higher in the middle stage than in the other stages. Some Enterococcus strains, such as E. faecalis, prevail in the broiler growth environment; when host immunity is compromised, these strains can increase the incidence of diseases in broilers at various ages, with the most serious increase in incidence occurring in broiler embryos and young broilers [48] . Enterococcus was detected in all PM 2.5 and PM 10 samples during the different stages of broiler growth in this research. In addition, Escherichia-Shigella was detected in PM 2.5 and PM 10 within the broiler houses in our study; Escherichia is the genera most commonly isolated from the air of poultry buildings [49] . Colibacillosis in broilers is a group of infectious diseases caused by pathogenic Escherichia coli that have become important infectious diseases threatening the farming industry and often cause huge economic losses [50] .
In modern large-scale farming systems, highquality genetic properties of broiler varieties have been fully utilized in production. However, the degree of dependence of intensive farming on the adaptability of the within-house microenvironment has been greatly amplified. The occurrence of heat-resistance in some microorganisms has led to a decline in disease resistance and the health of modern broiler varieties, which has greatly restricted the development of the modern broiler farming industry. This study shows that under the enclosed cage-rearing mode, control quality gradually deteriorates with the increase in the broiler age, the varieties of airborne microorganisms increase, and the bacterial structure also changes to some degree. The deterioration of air quality can potentially trigger the incidence of respiratory or intestinal diseases in broilers. The results of this study provide basic data for assessing the environmental quality of within-house air in broiler farms under intensiverearing conditions and within broilers. Additionally, the results provide insights for the establishment of pollutant control technology for air PM and microbial aerosols within broiler houses. 
CONCLUSIONS AND APPLICATIONS
